We report the observation of the twisted decay of quadruply charged vortices in an atomic BoseEinstein condensate. Supporting numerical simulations show that the singly-charged vortices, which result from the decay of a multi-charged vortex, twist around intertwined in the shape of helical Kelvin waves. Finally, we propose to apply this effect to generate an almost isotropic state of turbulence which we characterize in terms of the velocity statistics.
Superfluids are noteworthy because they flow without dissipating energy. Even more remarkably, superfluid flow patterns are characterized by the quantization of vorticity, arising from the existence and the uniqueness of a macroscopic wave function ψ. The flow velocity is proportional to the the phase gradient of ψ, and the circulation around a vortex line must be an integer multiple n = 1, 2, · · · of the quantum of circulation κ = h/m, where h is Planck's constant and m is the atomic mass. The singular nature of this quantized vorticity, concentrated along lines, has yet another important consequence: within a turbulent tangle of quantum vortices, the velocity components obey power-law statistics [1, 2] , unlike Gaussian statistics typical of ordinary turbulence. Recent experiments and numerical simulations [3] have shown that, under certain conditions, the turbulent superflows share a remarkable property with classical turbulence: the same Kolmogorov energy spectrum [4] , describing the distribution of kinetic energy over the large length scales. This property suggests that quantum turbulence may be the 'skeleton' of classical turbulence [5] .
Atomic Bose-Einstein condensates (BECs) are emerging as ideal systems to explore the quantization of vorticity and many other fundamental problems concerning the nature of turbulence [6] . Vortices are more easily nucleated, manipulated [7, 8] and observed [9] [10] [11] in BECs than in superfluid helium, due to the typical vortex core sizes which are orders of magnitude larger in gaseous BECs (≈ 10 −7 m) than in liquid He (≈ 10 −10 m).
Multiply quantized vortices are interesting especially since they are energetically unstable and decay into singly quantized vortices [12] [13] [14] [15] . The angular momentum and the energy of an isolated vortex in a homogeneous superfluid grow respectively with n and n 2 [16] .
For the same angular momentum, multi-charged (n > 1) vortices carry more energy, and, in the presence of dissipative mechanisms (e.g. thermal excitations), tend to decay into singly-charged vortices, minimizing the system's energy. Besides the energy instability, there is also a dynamical instability [17] [18] [19] , which is able to destabilize the vortices even in the absence of dissipation, at zero temperature, whose time-scales have been investigated [12, 14, 15, 18, [20] [21] [22] [23] . The technique of topological phase imprinting [24] has allowed the controlled generation of multi-charged vortices [12, 14, 22, 25] in atomic condensates. The splitting of doubly quantized vortices into two singly quantized vortices has been observed in a Na BEC and the decay process was studied [12, 20, 21] . Quadruply quantized vortices are theoretically predicted [26] to decay presenting various symmetries of splitting, making them an interesting research topic. Recent work has determined that the stability of such vortices is affected by the condensate's density [12] and size [21] , and by the nature of the perturbations [26] .
In this letter, we discuss the decay of an n = 4 charged vortex line nucleated in prolate 87 Rb BECs. By combining experimental observations with numerical simulations, we present results showing the twisted decay process of a multi-charged vortex, induces helical Kelvin waves on the resulting singly-charged vortex lines. We also show that the observed intertwined decay of multi-charged vortices may be exploited to create an almost isotropic state of quantum turbulence in atomic condensates. Kelvin waves are of particular interest because they are thought to play a key role in quantum turbulence [27] , being observed in classical fluids and superfluid helium, including atomic condensates [28, 29] .
The experimental sequence to produce the BEC runs as follows. 
The resulting magnetic bias field along the weak trap direction, z, is reversed during the process [30] . We find that the n = 4 charged vortices, topologically imprinted, are unstable Given the relatively low condensate temperatures, we model the condensate's dynamics using the Gross-Pitaevskii equation (GPE) [31] 
where ψ(r, t) is the condensate's wavefunction, r the position, t the time,
2 a s /m the strength of the inter-atomic interactions and a s the s-wave scattering length. The normalization is V |ψ| 2 dV = N where V is the condensate volume. The GPE is cast in dimensionless form using harmonic oscillator units and solved numerically using the 4th order Runge
Kutta method with the help of XMDS [32] . We simulate the vortex decay for a BEC cloud with N ≈ 1 × 10 5 atoms and the same radial and axial harmonic trap frequencies of the experiment.
The top left picture in Fig. 1 shows a typical BEC axial optical depth image of a n = 4 charged vortex before it decays; on the bottom left, the corresponding number density (Fig. 2a) . Likewise, the observation of Kelvin waves reported by Ref. [28] was supported by similar evidence. Without Kelvin waves, the central regions of the 2D column density images would be smooth, and the 1D OD(z) profiles would not present the oscillations shown in Figs. 2(e and f), as demostrated in Fig. 3 of the Supp. Mat. [34] .
The shape of the vortex lines resulting from the decay of multi-charged vortices depends on where and when the decay starts. They may appear as straight vortex lines or intertwined, as here reported, depending on the perturbation's symmetry and the local density homogeneity. If the perturbation is mostly constant, along z, and the density does not vary much in the z-direction, every point on the vortex unwinds at the same rate, and singly-charged vortex straight lines are expected to emerge. However, if the density changes significantly along z, the unwinding takes place at different times and at different z positions, inducing the intertwining, as discussed by [20] .
The complete time sequence of the twisted vortex decay is revealed by the numerical simulations, as shown in the movie [35] . Fig. (3) presents the three key features (the multicharged vortex, the twisted unwinding, the four singly-charged vortices) observed during the intertwined decay at different stages. It is worth comparing this effect, in which helical
Kelvin waves arise from the interaction of parallel vortices in a confined geometry, with the Crow instability [36] , which generates Kelvin waves on anti-parallel vortices. Individual helical Kelvin waves have been recently observed in superfluid helium following a vortex reconnection [37] , whereas in our case, the waves arise from the decay of multiply charged vortices, as predicted by [18, 21] .
Numerical experiments suggest that the decay start of the multi-charged vortex can As a final remark, it is worth mentioning that the observed twisted decay of multicharged vortices may be exploited to induce quantum turbulence. The existing methods used to generate turbulence (rotations [38] , trap oscillations [39] , moving obstacle [10, [40] [41] [42] [43] [44] [45] [46] , and imprinting staggered vortices [2] ) tend to significantly perturb or even fragment [47] the condensate. This complicates detecting the vortices position and counting their number, which affects the vortex line density estimation. Here we numerically imprint two antiparallel doubly quantized (n = 2) vortices in the xy plane. The vortices unwind and twist, moving slightly forward due to their self-induced velocity, then the helical waves travelling in opposite directions reconnect, generating a turbulent tangle with only moderate density oscillations [48] . We find that the condensate's velocity field, initially anisotropic (v y /v x ≈ 1 and v z /v x ≈ 0), becomes almost isotropic in the turbulent stage (v y /v x ≈ 0.98 and v z ≈ 0.63), displaying velocity PDFs with the typical power-law scaling at high velocity (see Fig. 4) observed in superfluid helium [1] and in larger, initially isotropic condensates [2] (whereas in ordinary turbulence such PDFs are Gaussian).
In conclusion, by carefully comparing experimental and numerical results, we have demonstrated that the decay of multiply charged vortices, topologically imprinted in trapped atomic BECs, generate intertwined Kelvin waves which twist and split into singly-charged vortices. Numerical experiments suggest that the onset of the decay is sensitive to small perturbations. We have also shown that the twisted decay can be used to generate isotropic turbulence, relatively free from large scale fluctuations or fragmentation of the condensate, hence suitable for comparison with superfluid helium turbulence. Finally, an interesting follow-up study would be to assess how the proximity of the BEC edge and the presence of the thermal cloud would affect the Kelvin waves [49] . 
Profiles of multi-and singly-charged vortices
In Fig. 6 , typical optical density 1D profiles, OD(z), are presented. On the left, in Fig. 6(a) , a n = 4 multi-charged vortex with its large central depletion is shown; and, on the right, the four singly charged vortices resulting from its decay Fig. 6(b) are presented. 
Profile of a vortex without Kelvin waves

Generation of quantum turbulence
To exploit the twisted unwinding of the multi-charged vortices as a technique to generate vortex tangles, relatively free of large density modulation, we numerically imprinted two anti-parallel, doubly quantized vortices, using the parameters listed below, at the initial condition, see Fig.8(a) . The vortices unwind, twist, move slightly forward due to the selfinduced velocity field, and reconnect ( Fig.8(b) ), generating a turbulent tangle, see Fig.8(c) .
Initial condition: a doubly quantized (n = 2) vortex is imprinted in the xy plane at (1.8 r , 1.5 r ), and a double quantized antivortex is imprinted at (1.0 r , −1.3 r ). All parameters as in the numerical simulation described in the article. 
